The intron of the mouse Hoxa-4 gene acts as a strong homeotic response element in Drosophila melanogaster leg imaginal discs. This activity depends on homeodomain binding sites present within a 30 bp conserved element, HB1, in the intron. A similar arrangement of homeodomain binding sites is found in many other potential homeotic target genes. HB1 activity in Drosophila imaginal discs is activated by Antennapedia and more posterior homeotic genes, but is not activated by more anterior genes. Testing a reporter gene construct with mutated binding sites in mouse embryos shows that HB1 is also active in the expression domains of posterior Hox genes in the mouse neural tube.
Introduction
A genetic program controlling the animal body plan was established before the evolutionary divergence of modern vertebrates and invertebrates. A family of homeotic selector proteins with very similar DNA-binding homeodomains (Gehring et al., 1994a (Gehring et al., , 1994b ) is used to specify position along the antero-posterior axis and to direct organs and structures to develop at the correct sites in both vertebrate and invertebrate embryos. The Drosophila melanogaster homeotic gene complex is split into two clusters encoding eight such homeotic selector proteins (Fig. 1A) , whereas mouse and human have four Hox gene complexes encoding 39 proteins. The Hox genes have been classified into 13 paralogous groups, based on sequence homologies, as indicated in Fig. 1A (for reviews see McGinnis and Krumlauf, 1992; Scott, 1992; Krumlauf, 1994) .
Vertebrate Hox genes ubiquitously expressed in Drosophila produce homeotic transformations similar but not identical to those produced by ubiquitous expression of their Drosophila homolog. For instance, expression of mouse Hoxb-6 ubiquitously in a Drosophila larva changes specifically the identities of antennal imaginal disc cells and causes an antenna to leg transformation, similar to that induced by ectopic expression of Drosophila Antennapedia (Antp) (Schneuwly et al., 1987; Malicki et al., 1990) . Similarly, ubiquitous expression of the mouse Hoxa-5 gene in Drosophila produces transformations resembling those caused by ubiquitous expression of Sex combs reduced (Scr) (Zhao et al., 1993) . Other examples are summarized in Fig. 1A . Homeotic transformations are restricted to more anterior organs or body regions partly because posterior homeotic proteins frequently show a dominant epistatic regulatory activity when artificially expressed together with more anterior proteins in Drosophila, suppressing more anterior phenotypes and conferring more posterior phenotypes (Gonzales-Rey et al., 1990) . This phenotypic suppres-sion involves negative transcriptional cross-regulation of anterior genes by more posterior genes, and it may also involve interactions with cofactor proteins and competition for subordinate target genes. Posterior vertebrate Hox genes expressed in Drosophila transcriptionally cross-regulate the same anterior homeotic selector genes as do their posterior Drosophila homologs in vivo (Bachiller et al., 1994) , and participate appropriately in the hierarchy of interactions among homeotic selector proteins, indicating that the unknown mechanisms of target sequence recognition are conserved from flies to mice.
DNA-binding studies have shown that ANTP and the closely related SCR and Ultrabithorax (UBX) homeotic proteins bind as monomers in vitro to sites containing a short consensus sequence of 6 bp (Gehring et al., 1994b) . The most anteriorly expressed labial or the most posteriorly expressed Abdominal-B proteins have homeodomain sequences that differ more from ANTP, but even for these Fig. 1. (A) Organization of the Drosophila melanogaster homeotic gene complexes (HOM-C) and the four mammalian Hox gene complexes. Each vertical group shows the most closely related Drosophila and vertebrate genes, based mainly on homeodomain sequences (Scott, 1992) . Also given are names that were previously applied to each of the vertebrate genes in mouse and human. The functional similarities between mouse and Drosophila genes in the same group are supported by experimental data showing that vertebrate HOX proteins, when expressed in Drosophila, produce homeotic transformations resembling those induced by the Drosophila homolog. The Hox genes that have been tested for equivalence of function in Drosophila are indicated as black boxes. The mouse Hoxa-4 gene used in this study to search for conserved cis-acting homeotic response elements is indicated with a gray box. The HOM-C complex in Drosophila has split to form the Antennapedia Complex (ANT-C) which contains the labial (lab), proboscipedia (pb), Deformed (Dfd), Sex combs reduced (Scr) and Antennapedia (Antp) genes and the Bithorax Complex (BX-C), which contains the Ultrabithorax (Ubx), abdominal-A (abd-A) and Abdominal-B (Abd-B) genes. They are rejoined here for illustrative purposes and they exist as a single complex in some other insects. Closely related genes that are not contained within the homeotic complexes contribute to patterning of more extreme anterior and posterior regions; examples include the empty spiracles (ems) gene in the head and the caudal (cad) gene in the anal regions. (B) Testing regulatory elements from the mouse Hoxa-4 gene in Drosophila. The genomic organization of the Hoxa-4 gene is shown. Exons are indicated as white boxes. Exon 2 contains the homeobox. A 4.1 kb KpnI-SacII fragment (p41), or a 570 bp long ApaI-HincII fragment containing the intron (AH5), were cloned into the transformation vector HZ50pl (Hiromi et al., 1985) . The p41 construct is not functional in Drosophila (white rectangle) and the AH5 construct is (gray rectangle). The full-length Hoxa-4 intron and deletion derivatives inserted into HZ50pl are shown enlarged. The intron sequence is a line, base pair positions of deletion endpoints inside the intron are given, and the gray box inside the intron indicates a conserved element that is further analyzed in Fig. 1C . (C) Conservation of the HB1 element in the introns of Hoxa-4, Hoxb-4 and Hoxd-4 and other Hox genes from vertebrate species. The location of this element within the Hoxa-4 intron and an interpretation of the element as three conserved homeodomain binding sites are indicated. Restriction sites in the intron are deletion endpoints of constructs that retain activity. The sources of the sequences are as follows: mouse Hoxa-4 (Viviano et al., 1993) , Medaka Hoxa-4 (this study), chicken Hoxa-4 (A. Kuroiwa, pers. commun.), mouse, chicken and fugu Hoxb-4 Morrison et al., 1995) , human HOXD-4 (Cianetti et al., 1990) , mouse Hoxd-4 and chicken Hoxd-4 , mouse, human and chicken Hoxd-9 (Zappavigna et al., 1991) , D. melanogaster Ubx (Müller et al., 1989) , D. funebris Ubx (Wilde and Akam, 1987) , D. melanogaster dpp site 1 (Capovilla et al., 1994) and D. simulans dpp site 1 (Manak et al., 1994) . (D) Base pair changes introduced in the HB1 element in the Hoxa-4 intron to construct mutant derivatives of AH5. In M-AH5 B2 the ATTA cores of three homeodomain binding sites have been changed to G or C bases. To change these ANTP or UBX binding sites to bicoid like sites conversions have been made from ANTP consensus 5′-CCATTA-3′ to bicoid consensus 5′-GGATTA-3′ sites. the preferred binding site differs at only one base position from that of ANTP (Mann, 1995) . Testing ANTP-SCR or ANTP-UBX hybrid proteins in vivo has shown that the functional specificities of the proteins depend on small numbers of differing, non-DNA-contacting residues that are exposed on the surfaces of the DNA-contacting homeodomains Furukubo-Tokunaga et al., 1993; Zeng et al., 1993; Mann, 1995) . This encoding of specificity in variants of a DNA-binding domain suggests comparison with members of the steroid receptor (Mangelsdorf and Evans, 1995) and GAL4 (Keegan et al., 1986; Marmorstein et al., 1992; Marmorstein and Harrison, 1994 ) families of proteins, for which target sequence recognition mechanisms are better understood. In those cases tar-get sequence discrimination by related DNA-binding proteins in the family is possible because target sequences contain different arrangements of monomer-contacting sites that are favored by different proteins.
Discrimination often involves oligomerization or interaction with cofactor proteins on DNA. Defining similar rules for the homeotic proteins requires the identification and characterization of in vivo target sequences and cofactor proteins.
Hox gene regulatory regions may contain sequences mediating transcriptional cross-regulation by HOX proteins and their cofactors. Popperl et al. (1995) have shown that a conserved autoregulatory element at the Hoxb-1 gene also functions in Drosophila and took advantage of Drosophila to identify the necessary cofactor protein as EXD/PBX. Taking the same approach, we have tested sequences from within the vertebrate Hox gene clusters for enhancer activity in Drosophila. Previous experiments demonstrated that the intron of the mouse Hoxa-7 gene has enhancer activity in Drosophila (Haerry, 1994; Haerry and Gehring, 1996) . Here we show that the intron of the mouse Hoxa-4 gene contains an enhancer that is selectively activated by posterior homeotic genes in Drosophila imaginal discs. We provide evidence that the HB1 element contributes to the normal expression of Hoxa-4 in the developing mouse embryo. We expect that more HB1-like elements will be found at homeotic target genes.
Results

Mouse Hoxa-4 intron sequences exhibit enhancer activity in Drosophila
Previous work (Haerry, 1994; Haerry and Gehring, 1997) has shown that the Hoxa-4 intron sequence, but not 4 kb of 5′ flanking sequence, directs expression of a truncated hsp70-promoter-lacZ reporter gene in a segmentally repeated, homeotically modulated pattern in Drosophila embryos. Since we are interested in the control of adult leg formation by Antp we demonstrate here that this Hoxa-4 intron element also mediates specific transcriptional responses later in development, in imaginal discs in third instar, wandering stage larvae. We describe the expression pattern using two constructs; AH5, which has a complete Hoxa-4 intron and AX3 which has a truncated intron fragment (Fig. 1B) , upstream of hsp70-lacZ.
An antero-posterior series of imaginal discs showing the b-galactosidase expression pattern directed by the Hoxa-4 intron in a single larva of an AX3 line is presented in Fig.  2A -E. The eye-antennal disc in the head shows no expression ( Fig. 2A) , but strong, specific expression is seen in the leg imaginal discs of the first (T1) (Fig. 2B) , second (T2) (Fig. 2C ) and third (T3) (Fig. 2D ) thoracic segments. In contrast to the activity in leg discs that arise ventrally in thoracic segments, no expression is seen in the dorsal thoracic wing disc (T2) (Fig. 2C) , nor in the haltere disc (T3) (Fig. 2D) . If staining of the AX3 discs is extended for longer times, staining is seen over virtually the entire leg disc, while the eye-antennal disc still remains unstained.
By dissecting larvae from earlier developmental stages we established that the leg imaginal disc expression directed by the Hoxa-4 intron enhancer first appears during late embryonic development, before the embryo hatches to give a first instar larva. Fig. 2G ,H show embryos of an AH5 line stained using an alkaline-phosphatase conjugated antibody to b-galactosidase. Expression is seen in three pairs of rings in the thoracic segments (marked with arrows), that correspond to the leg imaginal discs in the embryo. Expression is also seen in thoracic regions dorsal and posterior to the imaginal discs and in the maxillary segment in the head.
Imaginal discs arise as clusters of epithelial cells that invaginate during embryogenesis and continue growing throughout embryonic and larval development (Cohen, 1993) . A series of ventral discs established at similar positions in successive embryonic segments develop precursor cells for antennae, mouth parts or legs depending on which of the series of homeotic selector proteins is acting to control the identities of organs and structures in the respective segment. Leg identity is controlled by Antp and ubiquitous expression of Antp changes antennal imaginal disc cells to a leg identity.
Since the expression of the Hoxa-4 intron enhancer in both embryonic and larval leg imaginal discs suggested that this aspect of its activity may be under the control of Antp, we crossed AX3 or AH5 lines to a line bearing the chromosomal inversion Antp 73B , which causes ectopic expression of Antp in eye-antennal discs. Fig. 2I shows that induced staining from the AX3 reporter construct is seen in the eye-antennal disc of a hybrid larva where Antp is ectopically expressed due to the Antp 73B mutation. By comparison with the AX3 line in 6 h stainings with XGal, an AH5 line, which has a complete Hoxa-4 intron (Fig. 1B) , shows stronger staining that covers the whole leg, except for the disc stalk ( Fig. 2J ), but still does not stain in antennae (Fig. 2K ). In this case also staining is induced in the antenna in larvae from crosses of the AH5 reporter to Antp 73B (Fig. 2L) . We conclude therefore that the Hoxa-4 intron enhancer is indeed under the regulatory control of Antp.
Antp controls the Hoxa-4 disc enhancer through a cluster of homeodomain binding sites
Deletion analysis indicated that the central region of the Hoxa-4 intron was important for leg disc activity. The AX3 construct contains only the 5′ 260 bp of the intron, and is active, while another construct, BH4, that has a 111 bp deletion from the 5′ end of the intron, also shows expression in leg imaginal discs, although the activity is weaker than in AX3 (data not shown).
The deletion analysis suggested that the 148 bp sequence common to all three constructs was important for directing enhancer activity in imaginal discs with flanking sequences exerting quantitative effects on the level of expression. A cluster of consensus ANTP binding-sites was found in the 148 bp common region (Fig. 1C) . Examination of sequences within the Hoxa-7 intron, which also activates transcription in Drosophila, and within a mouse Hoxb-4 intron sequence (provided by R. Krumlauf), revealed a 30 bp region of homology that includes three homeodomain binding sites (referred to as the HB1 element). The sequence conservation is presented in Fig. 1C .
To examine whether the homeodomain binding sites in HB1 mediate activation by Antp, multiple base pair changes in the ATTA cores of the binding sites were introduced in the reporter construct M-AH5 (Fig. 1D ). Gel electrophoretic mobility shift assays using purified ANTP homeodomain and either HB1 or the M-AH5 mutated version of this sequence show that three distinguishable complexes are formed with HB1 and that binding is eliminated by the base changes in M-AH5 (data not shown). These point mutations in homeodomain binding sites eliminate all expression in leg discs (Fig. 2M ), even after staining is extended to five days. There is no expression in eye-antennal discs (Fig. 2N) , and no response to ectopic expression of Antp is seen in eye-antennal discs from progeny larvae of crosses of Antp 73B to the M-AH5 line (Fig. 2O ). Further mutagenesis was carried out on these consensus ANTP binding sites. In the bcd2-AH5 line the central binding site was altered from the ANTP consensus sequence 5′-CCATTA-3′ to the bicoid consensus sequence 5′-GGA-TTA-3′. Mutation of site 2 alone reduced expression significantly (Fig. 2P ). Additional changes in the 5′ consensus site (bcd1,2-AH5) (Fig. 2Q ) and in the 3′ consensus site (bcd1, 2,3-AH5) (Fig. 2R ) reduce expression further. The loss of function resulting from mutagenesis of the binding sites is consistent with a dominant role for Antp in the activation, although ANTP could bind together with other proteins to HB1 in vivo.
In imaginal discs the HB1 element responds to proteins of the homeotic selector hierarchy as a switch activated by posterior proteins but not by anterior proteins
To confirm Antp activation of the Hoxa-4 intron regulatory element, the AX3 line was crossed with the hsp70-Antp line H4, which after heat shock expresses the ANTP protein ubiquitously, under the control of a complete hsp70 promoter (Schneuwly et al., 1987) . AX3 expression is strongly induced in the antennal portion of the eye-antennal disc after ectopic expression of ANTP by heat shock (Fig. 3G) . No alteration in the AX3 expression pattern was observed in other tissues and the confinement of the response to eyeantennal discs is consistent with the fact that ANTP ubiquitously expressed at this stage in development produces only antenna to leg transformations. Studies on Drosophila enhancer trap lines have shown that leg-specific enhancers in the Drosophila genome exhibit similarly restricted patterns of response to ectopic ANTP at this stage (WagnerBernholz et al., 1991) . No induction is obtained in a control heat shock experiment using a transformant line, HTC1, that expresses no homeotic selector protein (Fig. 3A) . The M- Fig. 2 . (A-F) X-Gal stained imaginal discs of wandering stage larvae, of a homozygous AX3 line, which has exon 1 plus 260 bp from the 5′ end of the intron of Hoxa-4. (A) Eye-antennal disc, (B) leg discs from the first thoracic segment (T1), (C) second leg (T2) disc, (D) third leg (T3) disc, (E) wing disc (T2) and (F) haltere disc (T3). Staining was for 6 h. The smaller labial discs show no expression and genital discs or abdominal histoblasts have not been examined. The stain in the haltere disc in (F) is in the disc stalk and attached parts of the body wall. (G,H) Lateral and ventral views of late embryos of a homozygous AH5 line stained with an alkaline phosphatase-conjugated antibody to b-galactosidase. Anterior is on top in both cases and ventral is on the left in (G). Expression is seen in embryonic imaginal discs (indicated by arrows) as well as in the head and in parts of the thoracic segments dorsal to the imaginal discs. (I) Ectopic expression of AX3 in the eye-antennal disc in a larva heterozygous for both AX3 and Antp 73B . Staining was for 24 h. (J,K) Leg and eye-antennal imaginal discs of a homozygous AH5 line which has a complete 500 bp Hoxa-4 intron fragment (6 h staining with X-Gal). (L) Eye-antennal disc of a larva heterozygous for the AH5 AX reporter and Antp 73B (24 h staining). (M,N) Leg and eye-antennal discs from the homozygous line M-AH5 B2 in which multiple base changes were introduced into ATTA cores of a group of homeodomain binding sites found within the 148 bp region still present in both the AX3 and BH4 deletions. The base changes introduced are shown in Fig. 1D (6 h staining) . (O) Eye-antennal disc from a larva in which M-AH5 B2 has been crossed to Antp 73B (24 h staining). (P,Q,R) Leg imaginal discs from the homozygous lines bcd2-AH5 B3, bcd1,2-AH5 A3 and bcd1,2,3-AH5 C2, respectively (see Fig. 1D ) (6 h staining). Fig. 3 . Induction of ectopic expression of the mouse Hoxa-4 intron reporter construct AX3 in eye-antennal discs after ubiquitous expression of individual members of the series of homeotic selector proteins from hsp70 promoter constructs. Shown are eye-antennal discs from the relevant progeny larvae of crosses of a homozygous AX3 line to: (A) hsp70-/hsp70-(HTC1 line expressing no homeotic protein ubiquitously), (B) hsp70-ems/hsp70-ems,
AH5 construct in which the homeodomain binding-sites in HB1 are mutated does not show any expression in response to such ubiquitous expression of ANTP (data not shown).
In order to determine which homeotic selector proteins were capable of activating the HB1 element, the AX3 line was crossed to a series of fly stocks bearing hsp70 promoter fusion constructs that allow ubiquitous expression of individual Drosophila homeotic selector proteins. Ubiquitous expression of UBX protein (Mann and Hogness, 1990) in larvae caused ectopic expression of the Hoxa-4 intron enhancer in the eye-antennal disc (Fig. 3H) . Ectopic expression of the Hoxa-4 intron reporter is induced in peripheral regions of the antennal anlagen that are not efficiently transformed to leg identity by ectopic expression of UBX. Ectopic expression of AX3 in the antenna was also observed in response to ubiquitous expression of abdominal-A (ABD-A) protein (Fig. 3I) (Sanchez-Herrero et al., 1994) , ABDBm, the longer 'morphogenetic' form of ABD-B protein (Fig. 3J) , ABD-Br, the shorter 'regulatory' form of ABD-B protein (data not shown) (Lamka et al., 1992) , or caudal (CAD) (Fig. 3K) , a more posteriorly acting homeodomain protein (Mlodzik et al., 1990) . These proteins act in regions along the body that are posterior to the normal expression domain of ANTP.
In contrast to the activation caused by the more posterior homeotic selector proteins, HB1 was not activated by homeotic selector proteins that are active in regions of the body anterior to the normal expression domain of ANTP. Ubiquitous expression of the SCR protein (LeMotte et al., 1989) (Fig. 3F) , or Deformed (DFD) (Kuziora and McGinnis, 1988) (Fig. 3E) , did not induce ectopic expression of the AX3 reporter construct. Ubiquitous expression of SCR or DFD in larvae does not produce an antenna to leg transformation, although SCR does produce a partial transformation of distal arista to tarsus (Zeng et al., 1993) . Both cause reductions in the size of the eye anlagen that can be clearly seen in these discs. Homeotic selector proteins that are active in even more anterior regions of the body, such as LAB (Heuer and Kaufman, 1992) (Fig. 3C ) and proboscipedia (PB) (Cribbs et al., 1995) (Fig. 3D) , or the empty spiracles (EMS) homeodomain protein (Walldorf and Gehring, 1992) (Fig. 3D) , that is active in anterior head segments where homeotic selector functions are provided by genes that are not part of the ANTP-C, also failed to induce expression of the AX3 reporter.
We also used this assay to test a number of other homeodomains that are not classical homeotic selector proteins and are more distantly related to ANTP in their homeodomain sequences. Ectopic expression of even-skipped, engrailed, fushi-tarazu, Distal-less or bicoid (Duboule, 1994) in this assay does not lead to ectopic expression of the AX3 reporter (data not shown). The proteins that activate the AX3 reporter in this ectopic expression assay are all members of the homeotic series that act more posteriorly than ANTP. With the sole exception of ABD-B, all the active homeotic selector proteins also conserve the YPWM or hexapeptide sequence found upstream of the homeodomain.
Drosophila homeotic selector proteins that are expressed in domains posterior to that of ANTP are capable of inducing expression in the antennal disc from the mouse Hoxa-4 intron regulatory element. Mouse HOX proteins that belong to the more posteriorly expressed paralog groups HOX6-HOX13 would therefore also be expected to activate this regulatory element. The mouse Hoxa-7 coding sequence was fused to a complete Drosophila hsp70 promoter and used to generate a transformed fly line in which the mouse HOXA-7 protein can be ubiquitously expressed from the Drosophila hsp70 promoter. The HOXA-7 homeodomain differs at only one position from that of ANTP. Ubiquitous expression of HOXA-7 also caused activation of the mouse Hoxa-4 intron reporter construct in the eye-antennal disc (Fig. 3L) .
Four specificity-determining residues in the amino terminal arm of the ANTP homeodomain confer the capacity to activate transcription from the HB1 element
ANTP and SCR produce different morphological transformations after ectopic expression in embryos or in anten- Fig. 4 . Induction of ectopic expression of the Hoxa-4 intron reporter construct AX3 in eye-antennal discs by ANTP depends on four specificity-determining residues in the amino terminal arm of the homeodomain. (A) Sequence comparisons of the ANTP and SCR homeodomains. Only five residues differ inside the homeodomains. (B) Constructs expressing from the Drosophila hsp70 promoter the ANTP-SCR hybrid proteins G17 and K17 that differ by only four amino acid residues (1, 4, 6 and 7), in the amino terminal arm of the homeodomain. G26 and K26 are a second pair of proteins that also differ from each other only at four amino acid positions in the amino terminal arm of the homeodomain. In these two proteins the sequences carboxyterminal to the homeodomain derive from SCR. (C,D) Eye-antennal disc expression pattern of AX3 in heat-shocked progeny of crosses to hsp70-G17/TM3 and hsp70-K17/CyO. The G17 protein does not activate, whereas the K17 protein activates strongly. (E,F) Eye-antennal disc expression patterns of AX3 in heat-shocked progeny of crosses to hsG26. The G26 protein does not activate, whereas the K26 protein activates strongly. nal discs. Previous studies have shown that the residues responsible for the functional differences between ANTP and SCR are the four identity residues in the amino terminal arm of the homeodomain (Fig. 4A,B) (Furukubo-Tokunaga et al., 1993; Zeng et al., 1993) . The role of these specificitydetermining residues in inducing activation of the Hoxa-4 intron reporter was tested using hybrid proteins between ANTP and SCR.
The hsp70-G17 construct (Furukubo-Tokunaga et al., 1993) (Fig. 4B) , encodes a hybrid protein in which the entire homeodomain and 53 residues preceding it are derived from SCR. The N-terminal part of the protein is from ANTP. This hybrid protein has an SCR-like activity in producing morphological transformations after ectopic expression in embryos and does not give an antenna to leg transformation in larvae. Ectopic expression of the G17 protein produces no activation of the AX3 reporter in antennal discs (Fig. 4C) .
The hsp70-K17 construct is identical to hsp70-G17 except that four residues in the amino terminal arm of the SCR homeodomain in this construct have been changed to those found at the same positions in ANTP (FurukuboTokunaga et al., 1993) . This hybrid protein has an ANTPlike activity after ubiquitous expression in embryos and produces an antenna to leg transformation in larvae. Ectopic expression of this K17 protein leads to an ectopic expression of the AX3 reporter in antennae as strong as that induced by ANTP itself (Fig. 4D) .
The hsp70-G26 and hsp70-K26 constructs are the same as hsp70-G17 and hsp70-K17, respectively, except that residues carboxy-terminal to the homeodomain derive from SCR in these constructs, rather than from ANTP (Fig. 4B) . They have SCR and ANTP functional identities, as for the previous pair of proteins. Again, the G26 protein does not activate the HB1 element ectopically in eye-antennal discs after ubiquitous expression (Fig. 4E) , whereas the K26 protein does activate it (Fig. 4F) . Thus, the four residues in the N-terminal arm of the ANTP homeodomain that are different in SCR are needed to activate transcription from HB1. These same residues may account for activation by some of the more posterior proteins as they are also present in UBX and ABD-A, although they are replaced by other residues in ABD-B and CAD (Mann, 1995) .
In the mouse embryo HB1 is necessary for Hoxa-4 expression in regions that also express more posterior Hox genes
The role of the HB1 element in the expression of Hoxa-4 was examined in transgenic mice. Behringer et al. (1993) have shown that a construct bearing 3.8 kb of 5′ flanking sequences, the first exon, and the intron of Hoxa-4 fused to lacZ (Fig. 5A) , generates an appropriate Hoxa-4 expression pattern from the correct anterior boundary in the neural tube. The same base pair changes used to make the Drosophila construct M-AH5 (see Fig. 1D ), were introduced in the intron of the Hoxa-4(HB1-wt)-lacZ reporter construct (Fig. 5A ). This construct, Hoxa-4(HB1-M)-lacZ (HB1-M), was microinjected to generate transgenic mice, and the expression of the lacZ reporter was compared to that seen for the same construct with an intact HB1 element.
Founder embryos carrying the HB1-M construct were recovered at embryonic day 10.5 and at embryonic day 13, and stained for b-galactosidase activity (Fig. 5C ). Transgenic HB1-M embryos exhibited reporter gene expression in the mesenchyme and in the neural tube to the correct anterior boundary. However, expression was lost in the paraxial mesoderm and all other sites of endogenous Hoxa-4 expression, including the posterior neural tube from the level of the forelimb bud to the posterior end of the spinal cord (Fig. 5C , compare to the wild-type expression pattern in Fig. 5B ). Examination of embryonic day 10.5 sectioned embryos (Fig. 5D,E) showed that expression in the neural tube is lost posteriorly from a position above the fifth cervical vertebra. At embryonic day 13 in HB1-M embryos, an additional domain of reporter gene expression appears in the neural tube, between the level of thoracic prevertebra 1 (T1) and thoracic prevertebra 6 (T6). Founder animals were also examined postnatally. Mutations in the HB1 element, while profoundly affecting embryonic expression patterns, do not affect testicular expression in the postnatal testis (data not shown). Stable transgenic lines were not established but five transgenic embryos from four different litters were examined and all showed the same pattern of response.
The loss of posterior neural tube expression when the homeodomain binding sites in HB1 are mutated may reflect a loss of cross regulation by posterior Hox genes. The HB1-M construct tested contains all the known regulatory sequences of Hoxa-4 and retains anterior neural tube expression that is independent of HB1. The posterior boundary of expression in HB1-M correlates with the normal anterior boundary of Hoxa-7 expression, which begins above the fifth cervical vertebra and extends to the tail (Mahon et al., 1988) . However, because the expression of the HB1-M in the mouse neural tube does not depend on the HB1 element alone, as is the case in the Drosophila experiments, we cannot exclude the possibility that more anterior Hox genes might also act through HB1. It is clear, however, that HB1 is necessary for Hoxa-4 expression in regions of the posterior neural tube where the posterior Hox genes function.
Discussion
The ability of the mouse Hoxa-4 intron to act as an enhancer in Drosophila has revealed a homeotic response element, HB1, that is conserved in regulatory regions of a number of vertebrate Hox genes. In Drosophila imaginal discs the Hoxa-4 HB1 element is activated by Antp and more posterior homeotic genes and is not activated by Scr and more anterior genes.
The loss of reporter gene expression in the neural tube posterior to the fifth cervical vertebra in mouse embryos carrying mutations in the HB1 element may reflect a loss of cross regulation by posterior Hox genes. There is also a complete loss of expression in the paraxial mesoderm, particularly in the anterior region, that may not be attributable to loss of control by Hox genes alone. The Hoxa-4 intron enhancer is also activated by caudal (cad) in the eye-antennal disc, and since the murine homolog Cdx1 is expressed in somites along the entire embryonic axis (Meyer and Gruss, 1993) , it may be that Cdx1 has a role in maintaining Hoxa-4 expression in the mesoderm. This view is supported by the presence of two CDX1 sites in the Hoxa-4 intron, one of which is contained in the HB1 element (Subramanian et al., 1995) . Mutational analysis of the putative CDX1 binding site in the context of the wild-type HB1 element may resolve its role in paraxial mesoderm expression, and in other sites of Cdx1 and Hoxa-4 coexpression, such as the mesonephros. Further studies using HB1 as an autonomous regulatory element will be necessary to define which Hox genes act through HB1.
The Hoxa-4 HB1 element is highly homologous to an element found in the intron of the mouse Hoxa-7 gene (Haerry and Gehring, 1996) (Fig. 1C) . The Hoxa-7 HB1 element is also regulated by posterior homeotic selector proteins in transgenic Drosophila, although its function in the mouse embryo has not been examined. The HB1 element is also highly conserved in introns of Hoxb-4 and Hoxd-4 and this conservation is seen in a wide variety of vertebrate species (Fig. 1C) Morrison et al., 1995) . In comparisons among Hoxb-4 homologs from different vertebrates, HB1 is part of a larger sequence homology extending over 100 bp Morrison et al., 1995) . HB1 is also part of a larger sequence conservation among Hoxa-4 genes in vertebrates but the sequences flanking HB1 are different from those in Hoxb-4 genes.
When the mouse Hoxb-4 intron is deleted, expression of a reporter gene construct in the posterior neural tube is lost , similar to the effect seen for the HB1-M mice. The HB1 element of Hoxb-4 may therefore also be a target for posterior Hox genes. However, the mouse Hoxb-4 intron showed no enhancer activity in Drosophila. When the HB1 element of mouse Hoxa-4 is replaced with that of Hoxb-4, which differs at 6 bp, the hybrid intron is still active in Drosophila leg imaginal discs (data not shown). These HB1 elements are therefore functionally similar, as predicted from sequence alignments, but flanking sequences probably influence their activity in Drosophila.
The HB1 element in Hoxa-4 is interpreted as two direct and one inverted repeat of homeodomain binding sites with 6 bp between sites 1 and 2 and 3 bp between sites 2 and 3, although some of the other HB1-like elements listed have slightly different spacings and we do not know which differences are important. A HB1-like element is also present in sequences mediating cross-regulation of Hoxd-9 genes (Fig. 1C) . In this case, the element may not be a target for Hoxa-7, but for more posterior genes such as Hoxd-9 and Hoxd-10 that act through this slightly different HCR (Hoxcross-regulatory) sequence (Zappavigna et al., 1991) . In transfection experiments HOXA-9 activates from the HCR and HOXA-8 does not. This difference depends on residues in the amino terminal arms of these proteins, a finding similar to what we observe with ANTP and SCR on the Hoxa-4 HB1 element. It would be interesting to examine whether this HCR element, if substituted for the HB1 element in the Hoxa-4 intron and tested in Drosophila imaginal discs, would respond differently to the hierarchy of homeotic selector proteins, perhaps mediating activation by ABD-B but not by more anterior proteins.
Expression patterns directed by the Hoxa-4 HB1 element in Drosophila during embryonic development have been described (Haerry and Gehring, 1997) . The responses to gains and losses of homeotic selector functions are, in general, consistent with those observed in the imaginal discs during larval development. Loss-of-function mutations in Antp and Ubx led to losses of Hoxa-4 intron expression in thoracic and abdominal segments, although the activity in the embryonic imaginal discs was not specifically examined. The response pattern of the HB1 element is therefore not entirely tissue-specific, nor confined exclusively to the imaginal discs. The major exception is the response to DFD which activates the HB1 enhancer in embryos, but not in imaginal discs, possibly reflecting autoregulation by Dfd in the embryo. The activity in the maxillary segment in the embryo requires both Dfd and an intact HB1 element.
The differences in activation of the HB1 element by posterior and anterior homeotic proteins are determined by residue differences in the DNA-binding domains. Four residues in the amino terminal arm of the ANTP homeodomain allow it to activate transcription from HB1 while SCR does not. Differences between the monomer DNA-binding specificities of ANTP and SCR in vitro are very slight. How is the discrimination achieved in vivo? The homeodomain binding sites in the Hoxa-4 HB1 element do show somewhat more similarity to the consensus sequences for posterior homeotic selector proteins between ANTP and ABD-B than to the consensus sequence for anterior proteins such as LAB (Mann, 1995) . However, some additional cofactor protein may be necessary to establish differential activations in vivo. Any such cofactor might be conserved between mouse and fly.
Does the expression pattern directed by the Hoxa-4 HB1 element in Drosophila suggest what genes might encode such cofactor proteins? Leg and antenna and other ventral limb precursors are established during embryonic development under the control of the Distal-less (Dll) gene (Cohen, 1993; Diaz-Benjumea et al., 1994) , which encodes a homeodomain protein, and become legs specifically in segments where Antp is also expressed. HB1 is active in discs where Antp and Dll are both active and not in the dorsal wing and haltere discs where Dll is not functional. The molecular mechanisms by which Dll and Antp collaborate to produce a leg is not known. The Hoxa-4 intron enhancer is expressed strongly and specifically in leg discs from an early stage. Therefore, identifying the factors that account for its specific expression in leg discs could reveal how Antp interacts with other key regulators of leg development. Candidate cofactor proteins also include extradenticle (Gonzales-Crespo and Morata, 1995; Popperl et al., 1995; Mann and Chan, 1996) , either activating in legs or acting to repress HB1 activity in the antenna. Further studies are required to establish whether HB1 can be used to identify cofactor proteins present in leg discs that interact differentially with the specificity-determining residues in the amino terminal arms of the ANTP and SCR homeodomains.
The genomes of several other Drosophila species also contain HB1-like elements that function similarly to the element identified in the mouse Hoxa-4 gene. The leader sequence of Ubx contains such an element (Fig. 1C) that has been shown to mediate autoregulation in parasegment 7 in the visceral mesoderm. Such regulatory elements will likely not be confined to mediating homeotic cross regulation but should also be found at homeotic target genes. A possible example is the sequence from the dpp midgut enhancer presented in Fig. 1C , which was shown to be activated by Ubx in the context of the Hoxa-4 intron in the Drosophila embryo (Haerry and Gehring, 1997) . We expect to see many further examples of HB1-like elements in Hox genes and in their target genes. They will contribute to the understanding of target sequence recognition mechanisms for homeotic selector proteins that is necessary in order to rapidly identify direct target genes controlled in the course of both normal development and homeosis.
Experimental procedures
Plasmid constructions, Drosophila transformation and imaginal disc X-Gal stainings
All Hoxa-4 intron fragments were cloned in the same orientation upstream of the truncated hsp70 promoter in HZ50pl (Hiromi et al., 1985) . The insert in AH5 was isolated as a 600 bp ApaI-EcoRI fragment from p2195-20 (Wolgemuth et al., 1989) . The fragment was cloned into Bluescript (BS-AH5), cut with HincII and XbaI, blunted with Klenow and religated. A 570 bp Asp718(blunted)-NotI fragment was isolated from this plasmid and subcloned into the XbaI(blunted)-NotI sites of HZ50pl. AX3 is a 320 bp ApaI-XmnI fragment that was subcloned into Bluescript and then into HZ50pl by the same process as used for AH5.
M-AH5 was made by 40 PCR cycles using BS-AH5 as a template and sets of two partially complementary primers containing the sequences shown below, in combination with flanking T3 and T7 primers. AH5: 5′-CAGTAATTA-TAG-CCCCCATAAATTTAATTGGCC-3′. M-AH5: 5′-CAGTA-CTGCAGCCCCGCGAAATTCGCGTGCC-3′.
The final PCR fragments were cut with BssHII-HindIII and this fragment was used to replace the corresponding fragment in BS-AH5. The fragments were sequenced and excised, either with Asp718(blunted)-NotI or with BssHI (blunted)-NotI and cloned into HZ50pl, as described above.
The hsp70-Hoxa-7 construct contains a 1165 bp XbaINheI fragment from the plasmid AluI (SPT18), containing the Hoxa-7 cDNA clone OB2 (Kessel et al., 1987) . The fragment was blunted and cloned into the NotI site of pHT4-N. All constructs were injected into ry 506 flies at a concentration of 1.2 mg/ml, with helper plasmid pp25.7wcDel2-3 at 0.6 mg/ml. Balancing and P-element mobilizations were carried out using standard techniques (Robertson et al., 1988) .
The number of lines obtained for the different constructs were as follows: AH5, three primary transformant lines and eleven more lines generated by P-element mobilizations; AX3, six independent transformant lines; M-AH5, twelve independent transformant lines; and hsp70-Hoxa-7, two independent lines. For each construct, we have examined staining patterns in all lines, found the patterns to be consistent for a particular construct and chosen one line as representative. All the reporter lines described in this study are homozygous for the P-element insert.
Larvae crawling out of the food at five days (approximately 120 h after egg-laying), were dissected in PBS (+1 mM EDTA to reduce hemocyte adhesion to imaginal discs), fixed and stained as everted anterior carcasses by described procedures . The AX3 B3 line was used in many experiments because it stains strongly in the discs and is free of other strong staining in carcasses that can lead to diffusion of stain and backgrounds in the imaginal discs. After staining discs are detached from the carcasses using tungsten needles, mounted in 85% glycerol and photographed on Kodak Ektar100 film using a Zeiss Axiophot compound microscope with white light and a Nomarski filter and a magnification of × 160. Scale bars present on some pictures thus indicate a real dimension of 62.5 mm.
Fly strains and heat shock procedures for ubiquitous expression of homeotic selector proteins
The following lines have been used to direct ectopic expression of homeotic proteins: p[ry + hsp70] HTC1 line which is homozygous for an insert of the hsp70 transformation vector expressing no cDNA (Schneuwly and Gehring, 1985) (Sanchez-Herrero et al., 1994) was from G. Morata (we find that ectopic ABD-A protein produces an arista to tarsus transformation and we observe significant reduction in the sizes of leg imaginal discs and a reduction in the size of the wing disc relative to haltere and leg discs as a result of ectopic expression of ABD-A), the homozygous p[w (Lamka et al., 1992) line (Mlodzik et al., 1990) , G17/TM3 ) is a ry + transformant that expresses a protein having amino acids 1-245 of ANTP fused to amino acids 241-413 of SCR, K17/CyO (Furukubo-Tokunaga et al., 1993 ) is the same with four amino terminal arm residues of ANTP inserted in the SCR homeodomain, G26 is a homozygous insert for a construct that differs from G17 only in having the C-terminus from ANTP, K26 line C11/Cy is the same as G26 with the amino terminal arm residues of ANTP. Virgins of lines bearing hsp 70 homeotic selector constructs were crossed with males homozygous for the AX3 reporter. Larvae received six 45 min heat shocks at 37°C, beginning at 4 h intervals from the start of the third instar (72 h after egg laying). The hsp70-Ubx line which is highly potent due to having the termination sequences from Ubx, rather than that of hsp70 which increases messenger turnover, was heat treated for only 10 min at the start of the third instar. The hsp70-lab and hsp70-pb constructs still contain introns, and splicing is inhibited by high temperature heat shocks, but using 35°C heat shocks on these lines did not alter the results. All larvae were returned to 25°C and dissected at wandering stage the next day. The reporter is heterozygous in progeny larvae and activation in the antenna is weaker than the normal leg expression. Staining is therefore carried out for 24 h versus the 6 h stains for comparing leg expression of homozygous reporter lines.
Mouse constructs, transformation and staining procedures
To test the effect of the M-AH5 base pair changes on the Hoxa-4 expression pattern in mouse, the Apa1-EcoR1 intron fragment was used to replace the corresponding fragment in p2484, a construct containing 3.8 kb of 5′ Hoxa-4 regulatory sequences, the first exon, the intron, and the second exon except for sequences 3′ of the EcoR1 site in the homeobox, linked to a lacZ reporter gene (as described in Behringer et al., 1993 ). An 8.5 kb Kpn1-Pst1 fragment containing the mutations in HB1 was microinjected into fertilized eggs to generate transgenic mice according to standard procedures. Alternatively, the Kpn1-Pst1 fragment from the parent p2484 plasmid was microinjected.
Mouse embryos were fixed for 1 h at room temperature in 0.1 M phosphate buffer (pH 7.3), 0.2% glutaraldehyde, 2% formaldehyde, 5 mM EGTA (pH 7.3) and 2 mM MgCl 2 . Fixation was followed by three 30 min washes in 0.1 M phosphate buffer (pH 7.3), 0.1% deoxycholic acid, 0.2% Nonidet P40 and 2 mM MgCl 2 . Embryos were stained overnight at 37°C in 1 mg/ml X-Gal (dissolved at 25 mg/ml in DMSO), 5 mM potassium ferricyanide and 5 mM potassium ferrocyanide dissolved in wash solution. Following staining, embryos were washed briefly in phosphate buffered saline (pH 7.4) and then photographed with a Wild Heerbrugg photomicrosope using Fujicolor 100 film. Embryos were then processed and embedded in paraffin according to standard procedure and were sectioned (6 mm) and mounted on Superfrost slides (Fisher).
Cloning of a Medaka Hoxa-4 homolog
A genomic library prepared by the Stratagene Corporation (La Jolla, CA) from an adult male Medaka of an inbred strain designated 'Tomita White', was provided by Dr Joel Sohn. Plaques (5 × 10 5 ) were screened in duplicate using essentially standard procedures (Maniatis et al., 1982) . Filters were hybridized under reduced stringency conditions in 5 × SSC, 0.1% bovine serum albumin, 0.1% Ficoll, 0.1% polyvinylpyrrolidone, 250 mg/ml sonicated salmon sperm DNA, 50 mM NaPO 4 (pH 7.0), 0.1% SDS and 43% deionized formamide at 37°C overnight with 32 P-labeled murine Hoxa-4 probe consisting of a 350 bp HincII/Xba1 fragment that included 3′ intron sequences and 250 bp of the second exon, including the entire homeobox. Resultant clones were analyzed using stringent Southern hybridizations with the same probe. A 13 kb NotI fragment hybridized to the murine Hoxa-4 probe, and was cloned into pBluescript SK(+) (Stratagene, La Jolla, CA) for further analysis. Subclones were sequenced using the Applied Biosystems 373A DNA Sequencer by the DNA Synthesis and Sequencing Facility of the Comprehensive Cancer Center of Columbia University. Sequences were analyzed using the IBI Sequence Analysis Program and Sequence Analysis for the VAX (Devereux et al., 1984) .
